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ON MULTI-AVOIDANCE OF GENERALIZED PATTERNS

SERGEY KITAEV AND TOUFIK MANSOUR

ABSTRACT. In Kitaev discussed simultaneous avoidance of two 3-patterns with no internal
dashes, that is, where the patterns correspond to contiguous subwords in a permutation. In three
essentially different cases, the numbers of such n-permutations are 2”1, the number of involutions
in Sp, and 2F,, where E, is the n-th Euler number. In this paper we give recurrence relations for
the remaining three essentially different cases.

To complete the descriptions in [] and , we consider avoidance of a pattern of the
form z-y-z (a classical 3-pattern) and beginning or ending with an increasing or decreasing pattern.
Moreover, we generalize this problem: we demand that a permutation must avoid a 3-pattern, begin
with a certain pattern and end with a certain pattern simultaneously. We find the number of such
permutations in case of avoiding an arbitrary generalized 3-pattern and beginning and ending with
increasing or decreasing patterns.

1. INTRODUCTION AND BACKGROUND

Permutation patterns: All permutations in this paper are written as words @ = aqas . .. a,, where
the a; consist of all the integers 1,2,... ,n. Let o € S, and 7 € Si be two permutations. We say
that « contains 7 if there exists a subsequence 1 < iy < ip < -+ < 4 < n such that (q;,,..., ;)
is order-isomorphic to 7; in such a context 7 is usually called a pattern. We say that o avoids 7, or
is T-avoiding, if such a subsequence does not exist. The set of all 7-avoiding permutations in S, is
denoted by S, (7). For an arbitrary finite collection of patterns T', we say that « avoids T if a avoids
any 7 € T'; the corresponding subset of S,, is denoted by S, (T).

While the case of permutations avoiding a single pattern has attracted much attention, the case of
multiple pattern avoidance remains less investigated. In particular, it is natural, as the next step,
to consider permutations avoiding pairs of patterns 71, 72. This problem was solved completely for
71,72 € S3 (see ]), for m; € S5 and 7o € Sy (see ), and for 71,70 € Sy (see [E, @] and
references therein). Several recent papers [@, MV, @, V3, MV3] deal with the case 7, € S,
T9 € Sy, for various pairs 71, .

Generalized permutation patterns: In [BabStein]] Babson and Steingrimsson introduced general-
ized permutation patterns (GPs) where two adjacent letters in a pattern may be required to be adjacent
in the permutation. Such an adjacency requirement is indicated by the absence of a dash between the
corresponding letters in the pattern. For example, the permutation 7 = 516423 has only one occur-
rence of the pattern 2-31, namely the subword 564, but the pattern 2-3-1 occurs also in the subwords
562 and 563. Note that a classical pattern should, in our notation, have dashes at the beginning and
end. Since most of the patterns considered in this paper satisfy this, we suppress these dashes from
the notation. Thus, a pattern with no dashes corresponds to a contiguous subword anywhere in a
permutation. The motivation for introducing these patterns was the study of Mahonian statistics. A
number of results on GPs were obtained by Claesson, Kitaev and Mansour. See for example ,
[Kitll, Kit2, Kitd and [Mansl|, Mansd, Mansd].
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As in ], dealing with the classical patterns, one can consider the case when permutations
have to avoid two or more generalized patterns simultaneously. A complete solution for the number
of permutations avoiding a pair of 3-patterns of type (1,2) or (2,1), that is the patterns having one
internal dash, is given in [[ClaesMans]. In [Kitl]] Kitaev discussed simultaneous avoidance of two
3-patterns with no internal dashes, that is, where the patterns correspond to contiguous subwords in
a permutation. In three essentially different cases, the numbers of such n-permutations are 277!, the
number of involutions in S, and 2F,,, where E,, is the n-th Euler number. The remaining cases are
avoidance of 123 and 231, 213 and 231, 132 and 213. In Section E we give recurrence relations for
these cases.

In Section 4, we consider avoidance of a pattern z-y-z, and beginning or ending with increasing or
decreasing pattern. This completes the results made in ], which concerns the number of
permutations that avoid a generalized 3-pattern and begin or end with an increasing or decreasing
pattern.

In Sections 5-8, we give enumeration for the number of permutations that avoid a generalazed 3-
pattern, begin and end with increasing or decreasing patterns. We record our results in terms of either
generating functions, or exponential generating functions, or formulas for the numbers appeared.

In Section E, we discuss possible directions of generalization of the results from Sections 5-8.

2. PRELIMINARIES

The reverse R(m) of a permutation m = ajas...a, is the permutation ay, ...aza;. The complement
C(m) is the permutation biby...b, where b; = n + 1 — a;. Also, Ro C is the composition of R
and C. For example, R(13254) = 45231, C'(13254) = 53412 and R o C(13254) = 21435. We call
these bijections of S,, to itself ¢rivial, and it is easy to see that for any pattern p the number A,(n)
of permutations avoiding the pattern p is the same as for the patterns R(p), C(p) and R o C(p).
For example, the number of permutations that avoid the pattern 132 is the same as the number of
permutations that avoid the pattern 231. This property holds for sets of patterns as well. If we
apply one of the trivial bijections to all patterns of a set G, then we get a set G’ for which Ag(n)
is equal to Ag(n). For example, the number of permutations avoiding {123, 132} equals the number
of those avoiding {321, 312} because the second set is obtained from the first one by complementing
each pattern.

In this paper we denote the nth Catalan number by C,; the generating function for these numbers
by C(z); the nth Bell number by B,,.

Also, NJ(n) denotes the number of permutations that avoid the pattern p and begin with the pattern
q; Gi(x) (respectively, EZ(z)) denotes the ordinary (respectively, exponential) generating function for
the number of such permutations. Besides, NJ'"(n) denotes the number of permutations that avoid the
pattern p, begin with the pattern ¢ and end with the pattern r; G2"(x) (respectively, E'"(x)) denotes
the ordinary (respectively, exponential) generating function for the number of such permutations.

Recall the following properties of C(x):

(1) Clx) = =
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3. SIMULTANEOUS AVOIDANCE OF TWO 3-PATTERNS WITH NO DASHES
3.1. Avoidance of patterns 123 and 231 simultaneously. We first consider the avoidance of the

patterns 123 and 231 simultaneously.

Let a(n;iy,iz,...,i,) denote the number of permutations = € S,,(123,231) such that w72 ... 7, =
i1i .. .1y, and let a(n) = [S,(123,231)].

By the definitions, we get that a(n) = 3°7_, a(n;j) and a(n;n) = a(n — 1). Hence

(2) a(n) =a(n—1)+a(n;1) +a(n;2) +---+a(n;n—1).
Also, by the definitions, for all 1 <i <n — 1, we get

i—1 n
(3) a(nsi) = Sa(mi )+ 3 almii, ),

j=1 j=i+1

Suppose 7 € S5,,(123,231) is such that 73 =i and my = j. If ¢ > j then there is no occurrence of the
pattern 123 or 231 that contains 71, so a(n;,j) = a(n—1;4). If i < j then since m avoids 123 and 231,
we get that ¢ < w3 < j, and thus in this case a(n;i,j) = a(n—2;4) +a(n—2;i+1)+- - -4+a(n—2;j—2).

Hence, using (f]) and ([J), we get the following theorem.
Proposition 1. Let s, = |5,(123,231)|. For alln > 3,

Sn=8n-1+ 50 (1) +5,(2)+- -+ sp(n—1),
where for all 1 <i <mn,

i—1 n—2
Sn(z) = an—l(j) + Z(n -1 _j)sn—2(j)7
j=1 j=i

and s3(1) =1, s3(2) =1, s3(3) = 2.

Using this theorem, we get quickly the first values of the sequence |S,,(123,231)| forn =0,1,2,...,10:

n 011123415 6 7 8 9 10
[Sn(123,231)] | 1{1]|2[4|11]39]|161 | 784 | 4368 | 27260 | 189540

3.2. Avoidance of patterns 132 and 213 simultaneously. We consider avoidance of the patterns
132 and 213 simultaneously.

Let b(n;i1,i2,...,4,) denote the number of permutations = € S,,(132,213) such that myma... 7, =
i1ig .. .1y, and let b(n) = |S,(132,213)].

Suppose m € S,,(132,213) is such that m = ¢ and my = j. If ¢ > j then, since 7 avoids 213, we get
73 < ¢ — 1. Thus
i—1
(4) b(nii,j)= Y bln—1;j,k)
k=1, k#j
If © < j then, since 7 avoids 132, we get m3 < ¢ —1 or m3 > j + 1. Thus
i—1

n—1
(5) b(nyi,j) = b(n—1;5—1Lk)+> bn—1;j—1,k).
k=j

~
Il

1
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Using ([]) and (), we get the following theorem.
Proposition 2. Let s, = |S,(132,213)|. Then s, = ..

i1 8(n3, 5) with

s(n;i,i) =0 for all n,i > 1;
s(n;i,7) = ZZ:ll s(n—1;4,k) if i > j;

S5 ) = Sk (n— 154 — L k) + S0 s — 13— 1K) i i < J;
and s(2;1,2) = s(2;2,1) =1, s(2;1,1) = s(2;1,1) = 0.

Using this theorem, we get

n 0[1[2[3[4][5] 6] 7] 3 9 10
1S, (132,213)[ [ 1 | 1|2 4| 11|37 | 149 | 705 | 3814 | 23199 | 156940

3.3. Avoidance of the patterns 213 and 231 simultaneously. We now consider avoidance of
the patterns 213 and 231 simultaneously. This case is equivalent to avoidance of the patterns 132 and
312 by applying the reverse operation.

Let ¢(n;i1,i9,...,4y) denote the number of permutations = € S, (132,312) such that mms... 7, =
Q1@ .. .0y and let ¢(n) = [S,(132,312)|. We proceed as in the previous case. Forn > i > j > 1, we
have

Jj—1 n—1
©) S el 10+ 3 el 134,K)
k=1 k=i
For 1 <i < j <n, we have
i—1 n—1
k=1 k=3

Using () and (f}), we get the following theorem.
Proposition 3. Let s, = [5,(132,312)|. Then s, =3, s(n;i,j) with
s(n;i,1) =0 for all n,i > 1;
s(n;i,§) = I s(n— 1;5,k) + S0  s(n — 134, k) if i > j;
s(nyi,j) = Sy stn— 15— Lk)+ S pZ i s(n— 155 — 1,k) if i < j;
and 5(2;1,2) = s(2;2,1) =1, s(2;1,1) = 5(2;1,1) = 0.

Using this theorem, we get

n 0112 10
[S,(132,312)| | 1 [ 1{2]|4|10| 30| 108 | 454 | 2186 | 11840 | 71254

w
S
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4. AVOIDING A PATTERN X-Y-Z AND BEGINNING OR ENDING WITH CERTAIN PATTERNS

Recall the definitions of G¥(z), NF(n), C(x) and C), in Section B
Proposition 4. We have
G125 () = 2*C? (x).

Proof. Suppose m = n'nz” € S,,(1-3-2) is such that m < me < --- < m; and 7; = n. It is easy to see
that 7 avoids 1-3-2 if and only if 7’ is a 1-3-2-avoiding permutation on the letters n — j + 1,n — j +

2,...,n,and 7" € S,,_;(1-3-2). If we now consider two cases, namely j =k and j > k + 1, we get
k() = 2°0() + 2G5 (@) O(w).
Thus, Gi%5(2) = 2*C(2)/(1 — 2C(z)) and, using ([]), we get the desired result. O

Proposition 5. We have
k(k—1)...1
G1£3_2 ) (z) = 2*CF ().

Proof. Suppose m = n'nn” € S,(1-3-2) is such that m3 > mp > -+ > 71 and 7; = n. It is easy to see
that 7 avoids 1-3-2 if and only if 7’ is a 1-3-2-avoiding permutation on the letters n — j + 1,n — j +
2,...,n,and 7" € S,,_;(1-3-2). If we consider separately the cases j =1 and j > 2, we get

il (1) = 2G5y @) + 2GR () C (),
Hence,
Gl @) = 0GP @)/ (1 - 20 (@)
and, using (fl), we get G]f_(g_gl)"'l(x) = xC(x)Gglf;_;)(k_m'“l(x). By induction on k, using the fact that
Gi_s35(z) = C(z) — 1 = 2C?(x), we get the desired result. O

Proposition 6. We have
GY%E () = 2P CF ().

Proof. One can use the same considerations as we have in the proof of Proposition E, by considering
a permutation 7 = 7’'1n” € §,(2-1-3) such that m < 7y < --- < 7, and 7; = 1. O

Proposition 7. We have
k(k—1)...1
G (@) = 24 C(a).

Proof. One can use the same considerations as we have in the proof of Proposition E, by considering

a permutation m = n'ln” € §,(2-1-3) such that m > 73 > --- > 7, and 7; = 1. O
Let $5,(41, . - - , im) denote the number of permutations = € S, (1-2-3) such that m7a . .. T = G182 .. . Gy
It is easy to see that
(8) Sn(n) = Sn(n - 1) = Cn—lu
and

t—1 t—1

(9) sn(t) = sn(t,n) + Z Sn(t,j) = sn_1(t) + Z Sn_1(j).
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Now, (§) and (ff) with induction on ¢ give

(10) Suln — 1) = i(—l)j ("27)en

Let us prove the following proposition.

Proposition 8. We have

0, if k>3,
GiZ%5(z) = 4 2°C%(), ifk=2,
xC%(z), ifk=1.

Proof. For k > 3, the statement is obviously true. If k = 1 then Gi_,_5(z) = C(z) — 1 = 2C?%(x).

Suppose now that &k = 2. From the definitions, for all n > 2, we have

N11223 :ZZ
j=i+1

In this formula, j can only be equal to n, since otherwise we have an occurrence of the pattern 1-2-3.
Using this fact with (§) and (f]), we get for n > 2,

n—1

NiZs( anzn an 1(7) = Cp—1.

i=1

Hence, G1%_5(z) = 2(C(x) — 1) = 22C?(x). O

Proposition 9. We have

n+l—k n + n—t n + j
k—1)...1 - ; — =
e R Sl (S D 3 C 1 () S

k(k nol ! R
Nyt (n) = Z Z Z sn(it, .. ik) = Z <k_1)sn(t).
Using ([[0), we get

n+l—k n + n—t n + j
k—1)...1 - i —t=
M= Y (o)X ew (T e
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5. AVOIDING A PATTERN X-Y-Z, BEGINNING AND ENDING WITH CERTAIN PATTERNS
SIMULTANEOUSLY

Recall the definitions of G%"(z) and N¥'"(n) in Section B

Proposition 10. We have
(i) G}%g.’lg’m'“é(a&) = gh 10 (2) + g gt

1—x
(11) Gﬁg;lg,l(lfl)...l(x) _ xk"'g_lCQ(JJ).
kHl—1

(iii) G’fgg_—;%-le(f—l)ml(x) = 1ok () 4 zm—z

7, where m = max(k,£).

(iv) the generating function Gr-3-2(,Y,2) = > 4 150 G]fsg__zl)"'l’m'"é(x)ykze for the sequence

{G]fgg__zl)"'l’lz”é(a:)}klzo (where k and £ go through all natural numbers) is

1 . s C(z)—1
1—ﬂy+@((y+ +y)+u—wmxwx1—mcw»>

Proof.

Beginning with 12...k and ending with ¢(¢/ — 1)...1: Suppose 7 = 7'nz” € S,,(1-3-2) is such
that m < my < - < 7, T < o1 < --0 < Tp—y41 and m; = n. It is easy to see that 7 avoids
1-3-2 if and only if 7’ is a 1-3-2-avoiding permutation on the letters n — 5+ 1,n —j 4+ 2,... ,n, and
7" € 8,-;(1-3-2). We now consider three cases, namely j =k, k+1<j<n—-{fand j=n—{+1.
In terms of generating functions, we have

12..k,0(0—=1)...1 0(0—1)...1 0(0—1)...1 _
G5 (v (z) = IkGQEl—B) (z) + IG}-23-12€(33)G251—3) () + ' G125 (2) + 2",

where we observed that to avoid 1-3-2 and end with £(£ — 1)...1 is the same as to avoid 2-1-3 and
begin with (¢ —1)...1 by applying the reverse and complement operations. Also, we added the term
2FH=1 since when j = k = n — £ + 1, we have one “good” (k + ¢ — 1)-permutation, which is not
counted by our three cases.

From Propositions [ and [], we have that
Gi%b(x) = 2 C2 () and G512y (2) = ' C2(w).
Thus, using the fact that xC?(z) = C(x) — 1, we get
GiZ B D1 () = gk H 2 (2)(2 4 2C2 () + 2F 1
= 2P CO(2) — 1)(C(z) + 1) + a* 1 = 2102 ().

Beginning with 12...k and ending with 12...¢: Suppose 7 = 7'nn” € S,,(1-3-2) is such that

T < My < oo < W, Ty > Tp—1 > -+ > Tp_gyq1 and m; = n. As above, 7 avoids 1-3-2 if and only

if 7 is a 1-3-2-avoiding permutation on the letters n —j+1,n—j+2,... ,n, and 7’ € S,_;(1-3-2).

We consider the cases j =k, k+1<j <n—/{and j =n. In terms of generating functions, the first
o . 120 K,12..8 N +

approximation for the function G257, (x) is

GiZy P (@) m F GRS () + 0G5 () GR26 (@) + 26y T (@),
where we observed that to avoid 1-3-2 and end with 12...¢ is the same as to avoid 2-1-3 and begin

with 12...¢ by applying the reverse and complement operations. We use the sign “~” because there
are some “good” permutations, which are not counted by our considerations. We discuss them below.
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From Propositions [| and fi, we have that G}%:5(z) = 2#C?(2) and G3%:4(x) = 2°C*+!(x). Thus,
using the fact that zC2(z) = C(z) — 1 and G125 (2) = G125 (x) = 2*C?(x) (Proposition i), we
get G2 k124 )

~ RO (g) + P HFLOHS () 4 G}23§12 (6= 1)( )

12...k,12...(£—-1
= O () + Gy T (@)

= gFH O () + PO (3) + QG}% 72f 12.. “‘2)(3:)
= ... = xk+£04(x)(0672($) + 0273(33) 4t 1) 4 Ik+£7102(x)

— (O (@) — 1)C% (@) 588 4 b 102 () = b 10 ().

1-C(x)
To complete the proof of this case, we observe that in our considerations above, we do not count
increasing permutations of length m = max(k,£), m+1,... , k+£—2, which satisfy all our restrictions.

We did not count them because the k-beginning and f-ending in these permutations overlap in more
than one letter. So, to get the desired result, we need to add the term

™ 4 merl L+ xk+672 — (Im _ k+271)/(1 _ :E)

to the approximate value of Gfé'_'g ’12"'£( ). For example, expanding G1231§3(:v), we have, in particular,

that there are 2002 10-permutations that avoid 1-3-2, begin with the pattern 12 and end with the
pattern 123.

Beginning with k(k —1)...1 and ending with /(¢ —1)...1: If £ = 1 then, by Proposition E,
G]f_(g__zl)"'l’l(x) = z*C**+1(x). Suppose ¢ > 2, and 7 = 7/17" € S,,(1-3-2) is such that 7 > mg > -+ >
Ty Ty < M1 < -+ - < Tp—g41 and m; = 1. Obviously, 7" is the empty word, since otherwise we have
an occurrence of the pattern 1-3-2 starting from the letter 1. Thus, the first approximation for the

function Glf(g_zl)"'l’g(g_l)"'l

k(k—1 £—1)...1 k(k—1)...1,(6—1)(£—2)...1 _
G1(32) A(L=1).. (x )NxGl_(B_Q) (£=1)(€-2) (a:):~-~::z:k+€ 10’““(35).

Like in the previous case, we did not count decreasing permutations of length m = max(k, ), m +
,k + £ — 2, which satisfy all our restrictions. Thus, to get the desired result, we add the term
(z™ — 2F+4=1) /(1 — z) to the approximate value of GF%- 21) LAy
Beginning with k(k — 1)...1 and ending with 12...¢: Suppose # = n'n7” € 5,(1-3-2). Any
letter of 7’ is greater than any letter of 7", since otherwise we have an occurrence of the pattern
1-3-2 in 7 containing the letter n which is forbidden. Also, ©’ and «” avoid 1-3-2. If 7 begins with
k(k—1)...1, ends with 12...¢ and 7’ and 7" are not empty, then 7’ must begin with k(k —1)...1
and 7" must end with 12...¢. If 7’ is empty then 7"/ must begin with (k—1)(k—2)...1 and end with
2...0. If 7" is empty then 7’ must begin with k(k —1)...1 and end with 12...(¢ —1). In terms of
generating functions, the discussion above leads to the following:

k(k—1)...1,12... E(k—1). (k=1)...1,12...0 E(k—1)...1,12...(¢—1
Gl-(3—2 ) (z) ~ $G1(3 2 ( G325 () + iUGl 3- 2) (z) + $G1(3 2 ( )(55)7

where we observed that to avoid 1-3-2 and end with 12...¢ is the same as to avoid 2-1-3 and begin
with 12...¢. However, to put the sign “=" instead of “~”, we have to correct the right-hand side

of the recurrence relation by observing that when either ¥ =1 and £ = 0, or Kk = 0 and ¢ = 1, or
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k=1 and ¢ = 1, the formula do not count the permutation 7 = 1 which satisfies all the conditions
needed. Thus, if we make correction of the right-hand side, then multiply both parts of the obtained
equality by z¥y* and sum over all natural k and £ we get (recall the definition of G'1-3-5(z,y, 2) in the
statement of the theorem):

Craa(zy,z) =2 Y CYAV (@GR @)y = + oy + 2)Grsa(2,y, 2) + 2y + 2 + y2).
k£>0

From Propositions 5 and 6, GF 5201 (2)G12-4 (2) = 2k CR+4+2(2), and thus

Gi-3-2(z,y,2) = % z(y+z+yz)+ Z xk+éck+e+2(g¢)ykzé

k,£>0
= = | 2w+ 2+ y2) +2C2(2) ) _(ayC(@)* ) (220(x))"
k>0 £>0

— 1 C(z)—1

= 1279 (ﬂf(y +ztyz)+ <1—wy0<w>><1—wzc<w>>) )
where we used that zC?(z) = C(x) — 1. O
Proposition 11. We have
() Gé21 13?12 f( ) xk-‘rf—lck—i-l( )+ 2 —wk;£ 1'
(i) G35 ) = O ),
(iii) Ggglffgl)”'l’l(lfl)”'l(x) = gh =10 (2) + %, where m = max(k,£).

(iv) the generating function Ga-1-3(x,y,2) = Y} 4>0 Gé%'l'_'g’e(efl)"'l(m)ysz for the sequence

{Gé%i'_'g’é(é_l)"'l(x)}klzo (where k and € go through all natural numbers) is

1 . s C(z)—1
T2y 2) ( Wzt v) T T ema —wzc<w>>>'

Proof. We apply the reverse and complement operations and then use the results of Proposition E
For example, to avoid 2-1-3, begin with 12...% and end with 12.../ is the same as to avoid 1-3-2,
begin with 12...¢ and end with 12...k. O

Let hk‘(t;5) denote the number of 1-2-3-avoiding n-permutations such that 7 = t, T,_¢11 = s,
T > T > 00 > T, and Tp_pq1 > Tpopyo > -+ > 7w, Also, we define g,,(i1,42,... ,im;b) to be the
number of 1-2-3-avoiding n-permutations such that myms - - - 7, = 4102 ... 4, and m, = b. We need the
following two lemmas to prove Proposition .

Lemma 12. For alln > 2,

0, 2<a+1<b<n,
" 1<a<n-1,

gn(a;b) = r(ka ) b—1 ) .
) (Z (_1)1(b11)0n_2_j_i> s 1< b<a <n.
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Proof. By definitions we have
(1) gn(a;b) =0forall2<a+1<b<n;

(2) gn(asa+ 1) = glas iat 1)+ + galasa—Lia+ 1)+ galaatZa+1)+ ... +gu(an—Tia+
1) + gn(a,n;a+ 1). Using the fact that no there exists a permutation 7 € S,,(1-2-3) such that m = a,
me < a—2,and m, = a+ 1 we get

gn(a;a+1)=gnla,a— a4+ 1)+ gula,a+2;a+ 1)+ ...+ gula,n;a+ 1).

Using the fact that no there exists a permutation = € S,,(1-2-3) such that m = e and a <7y <n -1
we get gn(a;a+ 1) = gn(a,a — 1;a 4+ 1) + gn(a,n;a + 1). On the other hand, it is easy to see that
gn(@a - 10+ 1) = gn_1(a— 1;0) and gn(a,n;a+ 1) = gn_1(a 0+ 1). Hence,

gn(a;a+1)=gn_1(a —1;a) + gn-1(a;a + 1).
Using induction we get that g,(a;a+ 1) = (Z:f) foralln>2and 1 <a<n-1.
(3) Similarly as (2) we have for all a > b,
gn(a;b) = gn-1(b = 1;0) + gn-1(b + 1;0) + gn—1(b + 2;0) + - - + gn-1(a; b).
Using Equation ([[() we get

n(@;1) = gn(a;2) = sn_ (a—1)=n_a(—1)ﬂ‘ A Yo
9 g | JZ::O ( ; > 2

Using induction on b, we get

Jj=0

Lemma 13. We have
Go)GoDo @ +2-k—=10), ifl<s<t<n
hit(t;s) =< het(t+1;t), ifs=t+1;
WEET s — 1) + hE Vo (45 — 1), if2<t+1<s<n.
Proof. (1) Let n > ¢ > s > 1; so by definitions we get

et = (1 21) (51 )it = (6= 1) = (0 1)

(2) Let s =t + 1; so it is easy to see hEE(t;t + 1) = hEA(t + 1;¢);

(3) Let 2 < t+1 < s < n. Let 7 any permutations in S, (1-2-3) such that 7 = t and 7,41-¢ =
where 1 > -+ > 7w, and wy41-¢ > -+ > Tp; so there two possibilities either w49y = s — 1 or
m; = s — 1 where j < k — 1. In this first case we get that there exist hﬁ’le(t; s — 1) permutations,

and in the second case we have that there exist b~ 1*(t; s — 1) permutations. (we extend the number
hE(a;b) as 0 for any £ < 0 or k < 0. O
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We recall that the Kronecker delta d,, i is defined to be

5n7k_{ 1, ifn=E%k,

0, else.

Proposition 14. We have

N ~12.Kk12..6, | 0, ifk>3o0rl>3 12,12, | 0, ifn=3

() Grsgs (@) = { zC?(x), ifk=1landl=1" Ni5(n) = { Cn—2, else and
NiZ%l(n) = NiZy_s(n) = Cuot.

0, if 0> 3,
n—=k n—t—1
n—t—1 j(m—t—j—1 . _
. k(k—1)...1,12...4 Z ( k—1 ) Z (_1)]( i )Cn—t—j—l + (k - 1)6n,k+17 @ff =2,
(ii) Nyio- (n) =14 = — J
1-2-3 n+l—k - njft e b
(1) _ (—=1)7( j NCnt—j, ifl=1.
t=1 7=0
0, if k>3,
n—~4 n—t—1
n—t—1 j(n—t—j—1 .
— —1)7 -J Cht—i_1+ (0 =16, . ifk=2,
(111) N11_22_§’Z(£ 1)1(7’L) _ tz::l ( /-1 ) ]E:O ( ) ( j ) t—j—1 ( ) L41 f
n+1—¢ n—t ) L '
(?:D (=17 (" Jt (G if k=1.
t=1 =0
(iv) fo@i?'”l’g(e’l)“'l(3;) = ?;f”l S, WLt s), where hE4(t; s) s given in Lemma [L3.

Proof.

Beginning with 12...k and ending with 12.../: If £ > 3 or £ > 3, the statement is obvious,
since in this case 12...k or 12...¢ does not avoid the pattern 1-2-3. If K = 1 or £ = 1, we get
the statement from PropositionE (in the first of these cases we apply the reverse and complement
operations). Suppose now that k = 2, £ = 2, and an n-permutation 7 avoids 1-2-3, begins with the
pattern 12 and ends with the pattern 12. The letter n must be next to the leftmost letter, since
otherwise two leftmost letters and n form the pattern 1-2-3. Also, the letter 1 must be next to the
rightmost letter, since otherwise 1 and two rightmost letters form the pattern 1-2-3. It is easy to see
now that there are C,,_o possibilities to choose 7, since we can take any 1-2-3-avoiding permutation
on the letters {2,3,... ,n — 1} (there are C),_2 such permutations), then let the letters n and 1 be in
the second and (n — 1)-st positions respectively. These considerations are fail only when n = 3, since
in this case the second and (n — 1)-st positions coincide. However, in this case we obviously have no
permutations with the good properties.

Beginning with k(k — 1)...1 and ending with 12...¢: The statement is true for ¢ > 3, since
in this case 12...¢ does not avoid 1-2-3. For the case £ = 1 we use Proposition E Suppose now
that ¢ = 2, and an n-permutation 7 avoids 1-2-3, begins with the pattern k(k — 1)...1 and ends
with the pattern 12. The letter 1 must be next to the rightmost letter, since otherwise 1 and two
rightmost letters form the pattern 1-2-3. So, to form 7 we can take any (n — 1)-permutation on the
letters {2,3,...,n} that avoid 1-2-3 and begin with the pattern k(k —1)...1 (the number of such
permutations is given by Proposition E), and then let the letter 1 be in the (n — 1)-st position. Also,
we observe that in the case n = k+ 1 we have k — 1 extra permutations, which are obtained from the
(n — 1)-permutations having the k — 1 leftmost letters in decreasing order and two rightmost letters
in increasing order.
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Beginning with 12...k and ending with ¢(¢{—1)...1: By the reverse and complement operations,
to avoid 1-2-3, begin with the pattern 12...k and end with the pattern ¢(¢ — 1)...1 is the same as
to avoid 1-2-3, begin with the pattern £(¢ —1)...1 and end with the pattern 12...k, so we can apply
the results of the previous case.

Beginning with k(k —1)...1 and ending with ¢(¢ — 1)...1: The statement is straitforward to
prove. O

6. AVOIDING A PATTERN XYZ, BEGINNING AND ENDING WITH CERTAIN PATTERNS SIMULTANEOUSLY

Recall the definitions of EF"(z) in Section B

Proposition 15. We have

By l2ek12e0 ) EiZ Y (z), ifk=1 here 124 d B2,k . . 1 The-
(i) Bty () = B2 h(z), ift=1" where E{35(x) and Ejfs*(x) are given in [Kitd, The

orem 6] and [[Kit3, Theorem 10] respectively. For k,£ > 2, B2 120y satisfies

0 k1200 12...k,12...(6—1 ok zk=1
gl @) = Bl MV @)+ ( Bl @) + gy ) Bl @),

.. 12...k,0(6—1)...1 Emfl)'”1 z), ifk=1 0(6—1)...1 .
(i) By =1 (x) = { Elliézk(ilf),( ) i;é:l , where Eng ) (z) and EX5%(z) are given

in [Kitd, Theorem 7] and [Kitd, Theorem 10] respectively. For k,{ > 2, E;fé"k’é(é_l)”'l(x) satisfies
12..k,L(¢—1)...1

213
201 12...k,12 Lkl £(0—1)...1 htf—2y ghtei-z
= WE21123 ) + (E213 () + W) E1§2 : (z) + ( z—12)M'

E1% (x) ifk=1
k(k—1)...1,12...¢ )
(iii) By (@) = { Ei{@il)ml(x)v ift=1" where Eijs ¢

in [Kitd, Theorem 6] and [Kitd, Theorem 11] respectively. For k£ > 2, E;gl(g_l)"'l’m”'é(:z:) satisfies

(z) and E;ﬂl(g_l)"'l(x) are given

0 k(k—1 1,120 k—1)...1,12...4 k(k—1)...1,12 k(k—1)...1,12...(¢—1
aBats N ) = BN @) + Byl M P @) Bl () + By @),

) DLy By V@), ifk=1 here EXED-1 d grk=D-1
(iv) Egs (z) = Ek(k—l)...l(x) ifo=1" where L3y (z) and Ey4 (z) are
213 ) =

given in [Kitd, Theorem 7] and [Kitd, Theorem 11] respectively. For k,¢ > 2, Egl(lgfl)”'l’l(lfl)”'l(x)
satisfies

0 k(k—1)..1,6(6-1)..1 k—1)..1,6(6—1)...1 0(6—1)..1 zt! k(k—1)...1,12
%E21(3 S LAY (z) = E§13 S LAY () + E1g2 ) () + =) E21(3 ) (2).

Proof.

Beginning with 12...%k and ending with ¢(¢ — 1)...1: The statement is obviously true when
k=1 and ¢ = 1. Suppose now that k > 2, £ > 2 and an (n+ 1)-permutation 7 avoids 213, begins with
the pattern 12...k% and ends with the pattern 12...¢. The letter (n 4+ 1) can only be in the position
k, or in the position 4, where (k+ 1) < i <n— £+ 1, or in the position n — £ + 2. In the first case,
we choose the (k — 1) leftmost letters in (kfl) ways, rearrange them into the increasing order, and
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observe, that the letters of 7 to the right of (n+ 1) must form an (n — k4 1)-permutation, that avoids
213 and ends with the pattern £(¢ —1)...1 (the number of such permutations, using the reverse and
complement operation, is equal to the number of (n — k + 1)-permutations that avoid 132 and begin
with the pattern £(¢—1)...1). In the third case, we choose the (£ — 1) rightmost letters in (,",) ways,
rearrange them into the decreasing order, and observe, that the letters of = to the right of (n + 1)
must form an (n — £+ 1)-permutation, that avoids 213, begins with the pattern 12...%, and ends with
the pattern 12 (if it ends with the pattern 21, the letter (n + 1) and two letters immediately to the
left of it form the pattern 213). In the second case, we choose the letters of 7 to the left of (n + 1)
in (ifl) ways and observe, that these letters must form a (i — 1)-permutation that avoids 213, begins
with the pattern 12...k% and ends with the pattern 12. In the same time, the letters to the right of
(n+ 1) must form an (n — i+ 2)-permutation that avoids 213 and ends with the pattern (¢ —1)...1.
Besides, we observe that if n = k4 ¢ — 2, that is || = k+ ¢ — 1, and first k-letters of 7 are rearranged
into the increasing order, whereas the last £ letters are rearranged in the decreasing order, we have a
number of extra “good” permutations. The number of such permutations is the number of ways of

choosing the first (k — 1) letters, that is (kaf). This discussion leads to the following:

Nopy By 1) = (PN =k + 1) + (" )Nk (n — £+ 1)
=~ (n A\ rl(—1)... (k-2
3 (,.)Néfg"“”@)zvfé‘; RRCEDES ( L )5n,k+“,
1=0

where 0, py¢—2 is the Kronecker delta. We get the desirable result by multiplying both sides of the
last equality by z™/n! and summing over n.

Beginning with 12...k and ending with 12.../: The statement is obviously true when k = 1
and ¢ = 1. Suppose now that k > 2, £ > 2 and an (n + 1)-permutation 7 avoids 213, begins with the
pattern 12. ..k and ends with the pattern 12...¢. The letter (n+ 1) can only be in the position k, or
in the position i, where (k+1) <i < n—/¢, or in the (n+ 1)-th position. In the last case, the number
of such permutations is obviously N2112?;"k’12"'é_1(n). In the first case, we choose the (k — 1) leftmost
letters in (kfl) ways, rearrange them into increasing order, and observe, that the letters of 7 to the
right of (n + 1) must form an (n — k + 1)-permutation, that avoids 213 and ends with the pattern
12...¢ (the number of such permutations, using the reverse and complement operation, is equal to
the number of (n — k + 1)-permutations that avoid 132 and begin with the pattern 12...¢). In the
second case, we choose the letters of m to the left of (n 4+ 1) in (ifl) ways and observe, that these
letters must form a (¢ — 1)-permutation that avoids 213, begins with the pattern 12...% and ends
with the pattern 12 (if it ends with the pattern 21, the letter (n + 1) and two letters immediately to
the left of it form the pattern 213). In the same time, the letters to the right of (n + 1) must form an
(n — i + 2)-permutation that avoids 213 and ends with the pattern 12...¢. This discussion leads to
the following:

12...k,12...4 12...k,12...4—1
Nois (n+1)= N213n (n)
n n
S (M)t -0+ ()N -k,
=0

We get the desirable result by multiplying both sides of the last equality by z™/n! and summing over
n.

Beginning with k(k —1)...1 and ending with 12...¢ or with ¢(¢{ — 1)...1: We proceed in the
same way as we do under considering the previous case. O
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Proposition 16. We have

12...k,12...0 Eyiyt(x), ifk=1 12...6 12...k ; :

(i) Eysy (z) = ElZk(z), ife=1 where E3%+(z) and Bi23y*(x) are given in [Kitd, The-
132 ’ =

orem 10] and [Kit3, Theorem 6] respectively. For k,0 > 2, Ellgé"k’u”'e(x) satisfies

) _ l—1
Bz @) = Byt ) + (Eiié”'"f(x) + W) i3t (@).

EiZk(x), ifl=1 _ ‘
(ii) E11§2 o l(E=1). (:E) = { El?f 1. 1(96) k=1 where Ef25%(x) and Eﬁgg 1)"'1(;10) are given
213 ) =

in [Kitd, Theorem 6] and [Kitd, Theorem 11] respectively. For k,l > 2, Ellgé"k’e(efl)"'l(x) satisfies

0 12...k,£(£—-1)...1 12...k,(£—1)...1 12,0(£—1)...1 12...(k—1),£(£—-1)...1
gnBin T @) = BT @) + BTV @) Bl ) + By T (@),

k(k—1)...1

B E12 N4 ifk=1
k(k 1)"'1’12"'5(37:) = { sy (@ )’ ¥ , where Byt (z) and By 7 (x) are given

(111) 132 Efg(,s 1) (LL'), Zfﬂ =1
in [Kitd, Theorem 10] and [Kitd, Theorem 7] respectively. For k,{ > 2, Elég 1)"'1’12"'€(:17) satisfies
k(k—1)...1,12...0
z E21(3 a (z) = (k 1) 1 Byt (2)

12,12...0 21 k(k—1)...1 kbf—2\ ghte—2
+ (E132 (z) + m) E13(,2 ) () + ( Lﬁ)m-

0(e—1)...1 —_
(1v) A=y = Bt ) R Ly e gD 0 and BV (@) are
E13 (x), if =1

given in [Kitd, Theorem 7] and [Kitd, Theorem 11] respectively. For k,¢ > 2, Ej (k D LAED).- ()
satisfies

0 _k(k—1 —1)..1 £—1)..1,k(k—1)...1 k(k—1)...1 akt 12,6(6—1)...1
%E1:§2 S LA ():E§32) =y (z) + E1§2 ) (I)+(k—1)! E132( - (z).

Proof. We apply the reverse and complement operations and then use the results of Proposition E
For example, to avoid 213, begin with 12...% and end with 12...¢ is the same as to avoid 132, begin
with 12...¢ and end with 12...k. O

Proposition 17. We have
@ B3 =

0, ifk>3orl>3,
x—%—%tan(@x—k%)—l—

_ sec(@x—l—%) (@ (ez/2+e*m/2)—sin(‘/7§x+§)), ifk=2and { =2,
@emmsec @x—i—% -1, ifk=1and =1,
?ewﬂ sec Bz +Z) -1 - ?tan (@x—i— %), else;
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(i) E1122.3..k,é(é—1)...1(x) _
0, if k>3,
_ ] @) = &5 T+ t+3) d, ifk=1,
Jy sec (@t + %) (sin (@ %) - @e_tm) ((I)g(t) + (;e:;)!) dt, ifk=2;

(iii) E ER=1).. 112...z(x):

123
0, ife>3,
—J Pp(zx)= (Zi—/lz), sec (\/Tgac +2) fy e t/2th—1gin (L3¢ 4 %) dt, ift=1,
Sy sec (Bt +7) (sin (Lt +3) - Bet2) (a4() + )ty if0=2
EXD- gy, ifk=1,
. k(k—1)...1,6(6=1)..1, \ _ 122 1).. 1( : f
(iv) Eias (z) = 123 (2), ift=1,

(k— (h— ;
E12 R 153) E12 R 112(3@)7 if £ =2;

(
Fork>2 and ¢ > 3, Eggil) LEE=1).. 1(:10) satisfies

0 L k(k—1 0—1)..1 0(0—1)..1 zt! k(k—1)...1,21 k—1)...1,0(0—1)...1
%E12(3 S LA (z) = EléB ) (z) + @1 E12(3 ) (I)+E§23 S LD (2),

where Eu(g 1)'”1(17) is given in [KitMang, Theorem 2]:

e®/? foz e t/2tk—1 sin(ﬁt + %)) dt
(k — 1)'cos(‘/_:17 + %)

k(k—1)...1
E12(3 ) (z) =

k(k—1)..1,12 . . o
and E12(3 ) 1s given in this theorem above.

Proof.

Beginning with k(k—1)...1 and ending with 12...¢: If £ > 3 then the pattern 12...¢ does not
avoid 123, thus the statement is true. If £ = 1, the statement is true according to [, Theorem 8]
and the observation that if £k = 1 then this formula gives the expression

V3 enge (V3,07 L1
2 2 6

which is true according to [, Theorem 4.1] and the assumption that the empty permutation
does not begin or end with the pattern p = 1. So, we need only to consider the case ¢ = 2. Recall the
definitions of E(x) in Section f.

Let Py(n) denote the number of n-permutations that avoid the pattern 123, begin with a decreasing
subword of length k and end with the pattern 12. Also, let Ry (n) denote the number of n-permutations
that avoid the pattern 123 and begin with a decreasing subword of length k. Let m = 7117w be an
(n + 1)-permutation that avoids the pattern 123, begins with the pattern k(k —1)...1 and ends with
the pattern 12. We observe that m; avoids 123 and begins with k(k—1)...1; mo ends with the pattern
12 and |m2| > 0 since otherwise 7 cannot end with the pattern 12; if |m3| > 1 then w2 must begin with
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the pattern 21 since otherwise we have an occurrence of the pattern 123 beginning from the letter 1.
If |71| = i then the letters of 71 can be chosen in (7}) ways. So, there are at least

g (?) Ry, (i)Py(n — i) + nRy(n — 1)

(n + 1)-permutations with the good properties, where the first term corresponds to the case |ma| > 1
and the second term to the case |m2| = 1. By this formula, we do not count the permutations having
|| = k — 1, although in this case 7 begins with the pattern k(k —1)...1. So, we can choose the
letters of 7y in (") ways, and according to whether || > 1 or |7| = 1, we have two terms:

n
(k_ 1)P2(n —k+1)+ konk,

where 6, ; is the Kronecker delta. Thus,

Py(n+1) = Z (?)Rk(z)Pz(n —i)+nRp(n—1)+ (k i 1>P2(n —k+1)+kby k.
i>0

After multiplying both sides of the last equality with ™ /n! and summing over n, we have

d _k(k—1)..1,12 i k(k—1)...1 okt
(1) LBV = (B0 + o) (BT @4 g ).

with the initial condition Eglg*l)”'l’u(O) = 0. Since

z/2 \/g T \/g
k(k—1)...1 k(k—1)...1,1 € T _ 1. m
E12(3 : () = E12(3 : (z) = WSGC (7:17 + E) /o e~ !/2th "L gin (7154— 3 dt,

to solve ([L)), we only need to know EZp;'*(x). To find it, we set k = 2 into ([L1]) and solve this
equation. For an example how to solve such an equation, we refer to [Kitd, Theorem 6]. We get

3 z 3
B3 () = —x + sec iw + I 6_1/2/ e'/? cos £t + 5 a4
2 6 0 9 6

Now, we put the formula for E;,3'%(x) into (1) and solve this differential equation to get the desired

result.

Beginning with 12...% and ending with ¢(¢—1)...1: By the reverse and complement operations,
to avoid 123, begin with the pattern 12...k and end with the pattern (¢ — 1)...1 is the same as to
avoid 123, begin with the pattern £(¢ —1)...1 and end with the pattern 12...%, so we can apply the
results of the previous case.

Beginning with 12...% and ending with 12.../: The statement is obvious if k¥ > 3 or £ > 3.
If k=1 and £ = 1 then the statement is true according to [ElizNoy, Theorem 4.1] (but we need to
subtract 1, since by our assumption the empty permutation does not begin or end with the pattern
p=1). If £ =1 and k = 2, the statement is true according [Kit3, Theorem 9]. If k = 1 and £ = 2, we
apply the reverse and complement operations, and use again [Kit3, Theorem 9]. So, we only need to
consider the case k =2 and ¢ = 2. It is easy to see that

12,12 1,12 21,12
Ei3 (z) = Eiss (z) — Efas (),
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and from the previous cases

B2 ) = ol (gﬂ g) S P (gﬂ %> |

E1221312(35) = —I +sec (?z + %) <Sin <§I + g) - §61/2> .

Beginning with k(k —1)...1 and ending with ¢({ —1)...1: If £ = 1, the statement is trivial.
If £ =1, we get the statement by using the reverse and complement operations. For the case ¢ = 2,
we observe that the number of n-permutations that avoid the pattern 123, begin with the pattern
k(k —1)...1 and end with the pattern 21 is equal to the number of n-permutation that avoid 123
and begin with the pattern k(k — 1)...1 minus the number of n-permutations that avoid the pattern
123, begin with the pattern k(k — 1)...1 and end with the pattern 12. Suppose now that k > 2 and
¢ >3 and an (n+ 1)-permutation 7 avoids 123, begins with k(k —1)...1 and ends with £(£—1)...1.
It is easy to see that the letter (n + 1) can be either in the first position, or in the position i, where
(k+1) <i < (n—1{), orin the position (n — £+ 1). In the first of these cases, obviously we have
Nl(ggl)"'l’é(é_l)"'l(n) permutations. In the second case, we choose the letters of 7 to the left of
(n+1) in (:1) ways. These letters must form a permutation that avoids 123, begins with the pattern
k(k—1)...1, and ends with the pattern 21 (if the last condition does not hold, the letter (n+ 1) and
two letters to the left of it form a 123-pattern. In the same time, the letters to the right of (n + 1)
form a permutation that avoids 123 and ends with the pattern £(¢ —1)...1. In the third case, we can
choose the letters to the right of (n+ 1) in (,",) ways, rearrange them into the decreasing order, and
form from the letters to the left of (n + 1) a permutation that avoids 123, begins with the pattern
k(k—1)...1 and ends with the pattern 21 (by the same reasons as above) in Ngg_l)'”l’m(n —{+1)
ways. Thus,

k(k—1)...1,£(£—1)...1 k—1)...1,£(£—1)...1
N12(3 St (n+1)= N(23 Jo b (n)
k(k—1)...1,21 .\ A7£(£—1)...1 . n k(k—1)...1,21
+Z( )N12(3 (Z)N1§3 ) (”_2)4'(6 )N12(3 s (n—L£+1),

where we observed, that to avoid 123 and end with (£ —1)...1 is the same as to avoid 123 and begin
with £(¢ — 1)...1 using the reverse and complement. Now, we multiply both sides of the equality by
2™ /n! and sum over n to get the desirable result. O

and

7. AVOIDING A PATTERN X-YZ, BEGINNING AND ENDING WITH CERTAIN PATTERNS
SIMULTANEOUSLY

Proposition 18. We have
o pm ot t" .
e [Te ¢ g —dt, ifk>2
. 12...k,1 0 |
(i) E\Z5 (z) = E11-232k(35) = n>k—1 n. :
e 1 ifk=1
For (> 2, E11_23"2'k’12"'é(x) satisfies

(-2
0
5$E%232k 12.. Z(x) _ (ex _ I_) Elug'g'k( )+ €% maz(C,k)~1
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(i) Ell?éék’é(é_l)"'l (x) satisfies

ez x 78t t .
gt-1 [P e fo e Z o dt, if k> 2,
-1 171-32 (z) = n>k—1

e 1, ifk=1.

ey pk(k—1)...1,1
(iii) E1£32 ) (z) = 1-32

x

R gy (e /(k = 1)) i th"tem et dt, if k=2
e’ 1, k=1

For £ > 2, Effé“;l)“'l’m“'é(a:) satisfies
-2 —2 .
0 k(k-1).112., \ [ & T\ k(k—1)..1 . '\ a2kl
FraE )=y ) Pra @@= L5 ) o

(iv) Ef_(l?fgl)"'l’e(efl)"'l(;E) satisfies

ot (Ek(kl)..,l,E(EI)...l(x) x

mazx(k,l) _ k-1
-1 1-32 - )

o T e ik > 2,
e 1 ifk=1.

3

1—=z

Proof.

Beginning with 12...%k and ending with ¢(¢ —1)...1: If £ = 1 then the result follows from
[, Proposition 5], since to avoid 1-32 and begin with 12... % is the same as to avoid 3-12 and
begin with k(k—1)...1. Suppose now that £ > 2 and a permutation 7 avoids the pattern 1-32, begins
with the pattern 12...% and ends with the pattern £(¢ —1)...1. Since £ > 2, we have that the letter
1 must be in the rightmost position since otherwise, this letter and two rightmost letters of = form
the pattern 1-32, which is forbidden. Thus,

12..k,0(0—1)...1 12..k,(6—1)(£—2)...1 ok,
Nyils) 0 (n) = Ny (=02 (n—1)=---=NZ%" (n—0+1).

Multiplying both sides of the equality Nllféé'k’e(efl)"'l(n) = N2 n—04+1) by an 4 (n— £+ 1)

and summing over n, we get

OV 4o kee—1)..1
WEL?Q A () = B{%5" (x),

where Ei%5%(z) is given in [KitMang, Proposition 5], since to avoid 1-32 and begin with 12...k is the
same as to avoid 3-12 and begin with k(k —1)...1.

Beginning with k(k — 1)...1 and ending with ¢(¢/ — 1)...1: We use the same arguments as
those given under consideration of the previous case, but instead of [KitMand, Proposition 5] we
use [KitMang, Proposition 4]. However, we observe, that when we use the argument

k(k—1)...1,6(0—1)...1 k(k—1)...1,(£=1)(£—2)...1 k(k—1)...1,1
Nl—(32 S LA (”):Nl—(32 S LD ER) (n_l):"':Nl-(32 : (n—1L0+1)
for k, ¢ > 2, we do not count the decreasing permutations of length max(k,¢), maz(k,€)+1,... , k+
¢ — 2, since in this case, the patterns k(k —1)...1 and £(£ — 1)...1 overlap in more than one letter,
which causes the observation. So, we need to consider additionally the term

xmaw(k,f) — phte-1
xmam(k:,é) + xmam(k:,é)—i—l TS xk-}-é—? —

1—=z ’

which vanishes if k =1 or £ = 1.
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Beginning with 12...k and ending with 12.../¢: The only interesting case here is the case k > 2
and ¢ > 2. Using the reverse and complement, instead of considering avoiding 1-32, beginning with

2...k and ending with 12...¢, we consider avoiding 1-32, beginning with 12...¢ and ending with

2...k. Suppose an n-permutation 7 satisfies all the conditions. We observe, that the letter n can be
in the position 7, where £ < i < n — k. Also, n can be in the rightmost position if n > maz(¢, k). In
any case, the letters of m to the left of n» must be in the increasing order, since otherwise we have an
occurrence of the pattern 21-3. This means that in the second case we have the only one permutation.
In the first case, the letters of 7 to the right of n must avoid 21-3 and end with the pattern 12...k.
The number of such permutations, using the reverse and complement, is given by N{%5*(n—4). Thus,

for n > max(¢, k),

12..0,12.. k — (n—1
Noy3 ( ):Z <z 1)N11232k(” i) +1
=4
This gives
n l—1 n 1
12...0,12.. k , - .
Noy3 Z( >N11—232k(”—l)—z (i_1>N11-232k(”—2)+17
i=1 i=1

which leads to the desirable result after multiplying both sides of the last equality by 2™ /n! and
summing over n.

Beginning with k(k —1)...1 and ending with 12...¢: The only interesting case here is the case
k > 2 and ¢ > 2. Using the reverse and complement, instead of considering avoiding 1-32, beginning
with k(k — 1)...1 and ending with 12...¢, we consider avoiding 1-32, beginning with 12...¢ and
ending with k(k — 1)...1. Suppose an n-permutation 7 satisfies all the conditions. We observe, that
the letter n can only be in the position ¢, where £ < ¢ < n — k, or in position (n — k + 1) (in the case
n > k+£¢—1). In the first case, it is easy to see that the letters of 7 to the left of n must be in
the increasing order, and the letters of 7 to the right of n must avoid 21-3 and end with the pattern
k(k—1)...1. Using the reverse and complement, the total number of permutations counted in the

-1 -
first case is Z (n )Nf(?g 1)"'1(n — 7). In the second case, the letters to the left of n are in the

increasing order whereas the letters to the right of n are in decreasing order. The number of such

permutations is (Zj), which is the number of ways to choose the last k£ — 1 letters. Thus,
gy | n—1
12...6,k(k—1)...1 - k(k—1)...1 . -
Noig™ (k=0 (”):;<i_1>N1-(32 ) (”_’)‘f'(k_l)

Multiplying both parts of the equality by "1 /(n — 1)! and summing over n, we get

0 _12..0k(k-1)..1 n—1\ z" !
—F ’ = I
Op 21-3 (z) Z k—1) -1

n>k+L
n—1 -1 "l
- k(k—1).. - k(k—1). .
(S (a2 ()00 2
n>0 i=1 ’
which leads to the desirable result. O

Proposition 19. We have
() G§213k 12.. f( ) xk-‘rf—lck—i-l( )+ " —x
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(i) G3lys VP ) = MO ),

k—1)...1,0(6—1)...1
(iii) G2(13) (=0 (z) =

(iv) the generating function Go-13(z,y, 2) =

12...Kk,6(6—1)...1
1G5 =y

1
1l—z(y+ =z

$k+lflcf+1 (.’IJ) +

Ek,zzo G

(@) }ke>0 (where k and £ go through all natural numbers) is

mmflm_k;efl , where m = mazx(k, ).
12...k,é(€—1)...1($)y

213 k2t for the sequence

O(z) — 1 >

) (““’(y AR 00 - e 0@)

Proof. By ], to avoid the pattern 2-13 is the same as to avoid the pattern 2-1-3. Thus we can

apply the results of Proposition EI

Proposition 20. We have

0,

By%t (),

B3 (@),

Jy tE1 () dt + %,

() B @) =

O

ifk>3o0rl>3,
if =1,
ifk=1,
ifk=2and =2,

where Ei2:5%(x) and Ei%3* () are given by [KitMang, Proposition 10] and [KitMang, Proposition 6]

respectively:
0, if k>3,
k 2d
22y (1—jx)” , if k=2,
B2k () = Z% z;ﬁL—x1—2@ (1 —dx)
LL’
) if k=1;
; 1—z)(1—-2x)...(1 —dx)
0, if k>3,
k(k—1)...1 e [T et .
El%it(@) = BV @) = 0 e [T e (et 1) dt, if k=2,
e€ 1 ifk=1.
12...k,L(L—1
(i) N5 ) =
0, if k>3,
0, ifk=2andn </,
n—2
-1
14 NBEDED g ) 4 z:<?_1)M%ﬂn—jL ifk=2andn>(+1,
J=0+1

l—
Niss V),

ifk =1,

where the numbers Nfé{gl)'”l(n) are given in [KitMang, Proposition 9], and the numbers Ni%4(n) are
given by expending the exponential generating functions in [KitMang, Proposition 6].
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0, if >3
ooy pk(k—1)...1,12...0 pe' e +m M
(iii) BFED- () =1 7= 1), IN fo tmF—1 A dmdt + £ oo =2,
(e /(k— 1)) [tk teeH g, if =1

where Ek(k b-- b)) = f(gg b-- Y(n) is given by [KitMang, Proposition 4], and Nlllg(gé_l)'”l(n) =
Nfég b-- '(n) is given by [KitMand, Proposition 9];
(iv) For k> 2 and £ > 2, El(k -1, é(é_l)"'l(:v) satisfies

0 _k(k—1 -1 k=1 —1)... 2117 (k-1 zk
aEl(QB) D (x)fEl(z Joh (=) ) 123) (I>+W

il
=0

Proof.
Beginning with k(k—1)...1 and ending with 12...¢: If £ > 3 then Ef_(ggl)"'l’u'”l(x) = 0, since

in this case the pattern 12...¢ does not avoid 1-23. If ¢ = 1 then we use , Proposition 4],
since in this case the only restrictions to the permutations are avoiding 1-23 and beginning with the
pattern k(k —1)...1. Suppose now that £ = 2 and an (n + 1)-permutation m avoids 1-23, begins with
k(k—1)...1 and ends with the pattern 12. The letter 1 must be in next to the rightmost position, since
otherwise this letter and two rightmost letters form the pattern 1-23. We can choose the rightmost
letter of 7 in n ways, and the letters to the left of 1 must form a 1-23-avoiding permutation that
begins with k(k—1)...1. Besides, if n = k, and the k — 1 letters to the right of 1 are in the decreasing
order, we get n extra permutations that satisfy our restrictions. Thus,
Nis 1) = NS () + b

where d,, 1 is the Kronecker delta. Multiplying both sides of the equality by z™/n! and summing over
n we get

]{,‘LL'kJrl
> (k 1)...1,12 :/ B (k 1)... g

k(kfl)”'l(t) in [KitMang, Proposition 4], we get the desirable result.

Using the formula for £ 55

Beginning with 12...% and ending with 12...¢: The first three cases are easy to prove in the
same manner as we do in the proves of previous propositions. The only interesting case is when
k =2 and ¢ = 2. Using the reverse and complement operations, instead of considering avoiding 1-23,
beginning with 12 and ending with 12, we consider avoiding 12-3, beginning with 12 and ending with
12, which we find to be more easy. Suppose an (n + 1)-permutation 7 satisfies all the restrictions. It
is easy to see that |7| # 1 and |7| # 3, as well as if |7| = 2 (that is n = 1) then 7 must be 12. Suppose
|| > 4. Since 7 begins with the pattern 12, it is impossible for the letter (n + 1) to be somewhere to
the right of the second letter of 7 or to be the leftmost letter. Thus, (n + 1) must be in the second
position. We can choose the leftmost letter of 7 in n ways, since any choice of this letter will not lead
to an occurrence of the pattern 12 — 3 beginning with two leftmost letters. If 7 = a(n + 1)7’ then 7’/
must avoid 12-3 and end with the pattern 12. The number of such permutations, using the reverse
and complement, is given by Ni%,(n — 1). Thus,

N (n+1) = nNis(n - 1).
Multiplying both sides of the equality by " /n! and summing over all n, we get
12,12
(Bigls (2)) = 2Ei2;(x) +
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where the term x corresponds to the permutation 12. We have the desirable result by integrating
both sides of the last equality.

Beginning with 12...k and ending with ¢(¢ —1)...1: All the cases but k =2 andn > ¢+ 1
are easy to prove. Let us consider this case. Using the reverse and complement operations, instead of
considering avoiding 1-23, beginning with 12 and ending with (£ —1)...1, we consider avoiding 12-3,
beginning with (£ —1)...1 and ending with 12, which we find to be more easy. Let an n-permutation
m satisfies all the conditions. We observe, that the letter n is either in the first position, or in position
7, where k+1 < j < n—2, or in the last position. Obviously, in the first of these cases the number of
“good” permutations is given by Nl<§_731)<z72>.,.1,12 (n—1), which is equivalent to N1 2(2 DE=2)... (n— 1)
by using the reverse and complement. In the second case, we choose the letters to the left of n in
(?:11) ways, rearrange them to the decreasing order (we do it since otherwise we have an occurrence of
the pattern 12-3 having the letter n). After that, the letters to the right of n must form a permutation
that avoid 12-3 and end with the pattern 12. Using the reverse and complement, there are N{2,;(n—j)
such permutations. So, totally, in the second case there are EJ i1 ( D)Ni%5(n — j) permutations.
Finally, if n is at the last position, we have the only one such permutation, since the other letters

must be in the decreasing order.

Beginning with k(k—1)...1 and ending with ¢(/ —1)...1: The only interesting case here is the
case k > 2 and ¢ > 2. Using the reverse and complement operations, instead of considering avoiding
1-23, beginning with k(k —1)...1 and ending with ¢(¢ —1)...1, we consider avoiding 12-3, beginning
with £(£—1)...1 and ending with k(k —1)...1, which we find to be more easy. Let an n-permutation
7 satisfies all the conditions. We observe, that the letter n is either in the first position, or in position
7, where £ +1 < j < n—k, or in the last position n — k + 1. We proceed as in the previous case to
get the following

n—k

£(0=1)...1,k(k—=1)...1 1)1, k(k—1 n—1\ k(k=1)...1 ) n—1
Nlé—B) (= :N(ZS) S "‘Z < ) 1(23 ) (n_l)+<k—1)’
=041

where three terms in the right-hand side correspond to the three cases described above. We now
multiply both sides of the equality by 2™ /n!, sum over n and observe the following detail. We cannot
write instead of ¢ = ¢ + 1 (in the sum above) i = 1 as we did in most of the cases above, since, for

instance, the case ¢ = 1 do not necessarily make the term of summation equal 0 as it was before.
-1 .’L'i
Thus, instead of the factor e”, we have the factor | e® — E ’ O
1!
i=0

8. AVOIDING A PATTERN XY-Z, BEGINNING AND ENDING WITH CERTAIN PATTERNS

SIMULTANEOUSLY
Proposition 21. We have
12...k,12...¢ ktl—1 1041 2™ _gpkte—1
()G132 () Z C («”I;)"‘W

(i) Gg:?.k,z(eq).,i(x) _ xk-ﬁ-é—lc?(x).

k+£—1

(ii) Gllcglfgl)mll(lfl)»»»l(x) = gh 1Ok () 4 22t T

“———, where m = max(k, ).
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(iv) the generating function Gi3—2(x,y,2) = Y 1 s>0 G]fgf;l)'“l’m'“é(z)ykzl for the sequence
{Glfgfz_l)"'l’lz”é(a:)}klzo (where k and £ go through all natural numbers) is
1

Cla) - 1 )

(“y+z+y”+xl—xMXMX1—xaxm>

[—a(y+2)

Proof. We apply the reverse and complement operations and then use the results of Proposition E
For example, to avoid 2-13, begin with 12...% and end with 12.../ is the same as to avoid 13-2, begin
with 12...¢ and end with 12...k. O

Proposition 22. We have

(i) Byl (x) = E325%(x) is given by [KitMang, Proposition 14]. For £ > 2, EyiF1%4(x) satisfies
k—2

0 ..k,12...4 x xi T, max —
o et (@) = (e -2 ﬁ) B (@) + eramer D
i=0

where B2t (x) = Eé(fi;l)'”l(x) is given by [KitMang, Proposition 5].

(ii) For ¢ > 2, E;f'_ék’e(g_l)"'l(x) satisfies

0 _12..ke(t—1)...1 m = £(e—1)...1 z —at)
8_xE21_3 (@) = | e~ Z m By (@) + | e - Z i) (e—1)

=0

(e

£(0—1)...1
where E s

(x) is given by [KitMang, Proposition 4].

(iii) Esl(lfgl)"'l’m“'é(:z:) satisfies

e x 7et tn .
oF—1 Ek(k—l)...l,lz..é( )= e Jye Z ] dt, if € >2,
k-1 213 r)= n>0—1

e 1, if € =1.

(iv) E;“f’f;”“'l’m‘”“'l(x) satisfies

ak,1 (Eg(f?’l)...l,l(l1),..1(x) B xmaz(k,l) _ xk+£1> _ (Ze—ﬁl)! f()z tl—1lp—e+t dt, ng > 2,
Ozk—1 1—x ee“vfl7 ngz 1.

Proof. We apply the reverse and complement operations and then use the results of Proposition @
For example, to avoid 1-32, begin with 12...% and end with 12...7 is the same as to avoid 21-3, begin
with 12...¢ and end with 12...k. O

Proposition 23. We have

0, ifk>3 orl>3,
E12"'k(117) Zfé =1

N 12,k 12.0.8, N 12-3 ) ’

(i) Er55 (z) = Ell_2é-?;f(gc)7 if k=1,

JTtBZ, () dt+ %, if k=2 and (=2,
where E13:5%(x) and E{%5%(x) are given in Proposition [24.
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0, ifk>3,
.. 12...k,L(6—1)...1 z pt 1 et—e™im 201 .
(i) By 25" (@) = ﬁ Jo Jotmte T dmdt + h’ k=2,
e’ — D)) [Ftlee t, ifk=1;
=) [t e T d fk=1
. k(k—1)...1,12...0
(iv) Nyt 112 () =
0, if >3,
0, if{t=2andn <k,
n—2
(k- -1
L N R (7_1>N§.121<n—j>, ift=2andn>k+1,
j=k+1
NEED (), ife=1,

where the numbers Nf§?371)"'1(n) are given in [KitMang, Proposition 9], and the numbers N3l (n)
are given by expending the exponential generating functions in [KitMang, Proposition 6].

(iv) Nfég_l)'”l’l(n) = Ngfgg_l)“'l(n) is given by [KitMang, Proposition 9], and Nllé{gé_l)"'l(n) =
fogg”'“l(n) is giwven by [KitMang, Proposition 4]. For k > 2 and £ > 2, Efz(lfgl)"'l’l(lil)"'l(33)
satisfies

k=1
0 _k(k—1)..1,006—1)...1 k—1)..1,(6—1)...1 . x’ 0(0—1)...1 z!
%Em(-s ) (=0 (z) = E£2-3 ) (=0 (z) + (6 - ; 7) (El(—23 ) (z) + 7(6 1)

Proof. We apply the reverse and complement operations and then use the results of Proposition @
For example, to avoid 1-23, begin with 12...% and end with 12.../ is the same as to avoid 12-3, begin
with 12...¢ and end with 12...k. O

9. FURTHER RESULTS

In this section, we propose two directions of generalization of the results from the previous sections.
The first one is a consideration of avoiding more than one pattern, beginning with some pattern and
ending with another pattern. For example, suppose that v =12-3, w =213, p=12...k, ¢ =12...¢,
and ED' (z) denotes the exponential generating function for the number of permutations that avoid
the patterns v and w simultaneously, begin with the pattern p and end with the pattern q. It is easy
to see that if k& > 3 or £ > 3 then E11§_31c211_23£(x) = 0. For the other k and ¢, one can prove the
following theorem:

Theorem 24. We have

M x Cl)2

(i) Ellél—3,21—3(17) =emte/2 1.

(i) B33 1 (x) = evte’/2 (1 — e—t—t2/2dt) ~ 1
(iii) B35 01-5(2) = [ tet0/2dt.

() Bi3ars(@) = 322 + [ [/ (1= fyer="2ar) — 1] ar.
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The second direction is a consideration of permutations in .S,, containing a pattern v exactly r times,
beginning with some pattern and ending with another pattern. For example, suppose that v = 12-3,
r=1,p=1...k, ¢g=1,and NJ;7(n) denotes the number of n-permutations that contain the pattern

v exactly r times, begin with the pattern p, and end with the pattern ¢. It is easy to see that the only

interesting case is 1 < k < 3, since otherwise N1122_"3'.kl’1(n) = 0. Moreover, one can prove the following

theorem:

Theorem 25. Let F,, denote the number of n-permutations containing 12-3 exactly once. Then, for
alln > 3,

N112’21—33,11 (TL) =1In 11221§;1(7’L) = (n - 1)Fn—1 + (n - 2)Bn—27
Niy%a(n) = (n—2)By_s,
where By, is the nth Bell number, and F,, is given by [ClaesMans3, Corollarly 13].
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